This paper synthesizes, compares, and discusses acoustic data pertaining to the presence of gas in sediments within the Polish Exclusive Economic Zone in the southern Baltic Sea, which are scattered among different journals, some of which are difficult to access and therefore have limited availability to a wider group of readers. It includes data collected between the 1970s and the present day, collected using different acoustic measurement devices. A majority of reported acoustic manifestations of gas presence in sediments in the Polish EEZ take the form of acoustic blanking followed by layer enhancement, acoustic turbidity, and increased acoustic energy absorption. The observed morphological structures related to gas presence are pockmarks (shallow and buried-17 km 2 ), gas-saturated sediments, gas pockets, and gas chimneys. The estimated total area of acoustic manifestation of shallow gas in the Polish EEZ is around 700 km 2 . Geochemical analyses of surface sediments demonstrated strong correlation with acoustic data and revealed that methane occurs at relatively shallow depths compared with other regions of the Baltic Sea.
Introduction
Nowadays, methane concentrations in the atmosphere are considered one of the most potent threats to the Earth's climate. Sources of methane to the atmosphere can be anthropogenic (about 64% of total CH 4 in the atmosphere (Saunois et al. 2016) ) or natural, with ocean emissions contributing at least 2 to 10%, if not considerably more (Bange et al. 1994; Bange et al. 1996; Grunwald et al. 2009 ). Some studies, for example, suggest that the emission from shallow water could contribute as much as 20% of total methane emission to the atmosphere (Hovland et al. 1993; Fleischer et al. 2001) . However, only a small percentage of methane produced in marine sediments reaches the atmosphere (Kiene 1991; Treude 2003) . This is due firstly to decomposition during the process of anaerobic oxidation of methane (AOM), which takes place in the sulfate-methane transition zone (SMTZ) located in shallow sediments, and secondly to oxidation and dissolution in the water column during migration toward the sea surface. The estimated total methane flux from the sea to the atmosphere is 8-65 Tg year −1 of CH 4 (Hovland et al. 1993 ) and more contemporary estimates, based on the studies of Kvenvolden et al. (2001) and Judd (2000) , give the value of 50 Tg year −1 (Judd 2000; Hovland et al. 1993; Kvenvolden et al. 2001 ). The flux is considered to be highly variable (Schmale et al. 2010) . Continental shelves are regions in which marine methane production takes place on a large scale and evidence for the presence of methane in such areas has been presented in numerous studies around the world (e.g., Laier and Jensen 2007; Fleischer et al. 2001; Schubert et al. 2006; Weschenfelder et al. 2006; Duarte et al. 2007; Huang et al. 2009; Jones et al. 2010; Schneider von Deimling et al. 2010; Garcia-Gil et al. 2011; Weber et al. 2014) . The probability of its occurrence is at its highest in coastal regions with significant river inflow, high primary production, and hypoxic/anoxic conditions in bottom waters, which together creates favorable conditions for methanogenesis in sediments (Davis 1992; Claypool and Kaplan 1974) . Methane is regarded as the main component of shallow gas in coastal sediments (Claypool and Kaplan 1974) . In the context of this study, Bshallow gasr efers to gas contained in the surface sediment layer of about 10 m in thickness.
In the southern Baltic Sea, methane is widely distributed in shallow sediments, especially in the organic-rich muddy layers (Albert et al. 1998; Thiessen et al. 2006; Pimenov et al. 2010; Brodecka et al. 2013; Toth et al. 2014a) , and also in some areas of the sandy bottom (PIG-PIB et al. 2008; Klusek et al. 1995; Majewski and Klusek 2011) . The presence of methane in the marine environment has a considerable impact on its numerous properties, from geochemical conditions in the sediments and surrounding water (Richardson and Davis 1998) to physical background, including acoustic properties (Anderson and Hampton 1980; Wilkens and Richardson 1998; Gardner and Sills 2001) such as reduction of compressional wave speed or scattering and attenuation of the acoustic signal. Gaseous methane in sediments can also influence undersea constructions through modification of the seabed's compressibility and shear strength, affecting the stability and behavior of their foundations (Sills and Wheeler 1992) .
Different sources of methane have been distinguished in marine sediments, related to (1) thermogenic processes deep under the marine seabed at temperatures over 50°C, and (2) biogenic processes in the decomposition of organic matter in shallow sediments (Claypool and Kvenvolden 1983; Barnes and Goldberg 1976; Floodgate and Judd 1992) . It is estimated that microbial methane constitutes 80% of all methane in shallow marine sediments (Fleischer et al. 2001) . Methane occurs both in deeper sediments, due to long-term burial processes (Schoell 1988; Breas et al. 2001; Sorokin et al. 2001) , and shallow sediments-from the decomposition of biogenic organic matter or as a result of migration from deeper parts through the system of faults and cracks (Floodgate and Judd 1992) . The distribution of gaseous methane in sediments is determined by its solubility in given conditions and the sediment matrix. When its concentration exceeds the level of saturation, a portion of it appears in its gaseous form.
Acoustic methods have high capability when it comes to detection of gas in the marine environment, mainly due to the fact that gas has very distinctive acoustic properties in comparison with the surrounding water and sediments (Anderson and Hampton 1980; Wilkens and Richardson 1998) . The application of acoustic methods brings beneficial effects which are often hard to achieve by geochemical methods, and they therefore complement each other (Fleischer et al. 2001) . Some advantages of the acoustic methods include greater coverage than with point sampling, continuous measurement over the area of interest in a relatively short time, and relatively low cost. Additionally, acoustic measurements are non-invasive and do not cause any alteration in the geological, chemical, and physical properties of sediments, as is often an issue with invasive methods.
The results of numerous acoustic investigations concerning shallow gas occurrence in the Polish Exclusive Economic Zone (Polish EEZ, southern Baltic Sea) are scattered among a number of different local periodicals, sometimes difficult to access, and this definitely restricts their availability to a wider group of readers. In the current paper, attempts have been made to synthesize, compare, and discuss those scattered results, and also to complement and verify them with geochemical results. By bringing together the results from different publications where various acoustic methods were applied, we can present a more detailed and broader view on methane presence in the sediments and seawater of the southern Baltic Sea (Polish sector).
Study area
The Polish Exclusive Economic Zone (EEZ) is located in the southern part of the Baltic Sea and covers the following areas: the Gulf of Gdańsk, the Gdańsk Deep, the southern part of the Gotland Deep, the Słupsk Bank, the Słupsk Furrow, and the Pomeranian Bight. The thickness of all sedimentary deposits above the crystalline base in this region is estimated to be from 2400 to 3100 m (PIG-PIB et al. 2008) , with the thickness of the latest Quaternary deposits being between 20 and 50 m in the Gdańsk Basin and prevailingly > 20 m in the Słupsk Furrow, except for its southeastern part where the thickness is less than 10 m PIG-PIB et al. 2008 ). The two biggest river estuaries in the Polish EEZ are located in the Pomerania Bight (River Oder) and the Gulf of Gdańsk (River Vistula), with high organic matter and nutrient input leading to intensive primary production (190 g C m −2 year −1 in the Gulf of Gdańsk (Witek et al. 1999; Majewski 2013; Kowalik 2016 (Szczepańska and Uścinowicz 1994; Mojski et al. 1995; Suplińska and Pietrzak-Flis 2008) . Sediments close to the stretch of Polish coastline which runs from the Pomeranian Bight to the Hel Peninsula consist mainly of fine-and medium-grained sands, together with local admixture of pebbles and stones (more common in the west, Fig. 1 ). In the northwestern part of the Polish EEZ (from the vicinity of Kołobrzeg~15°20′ E to the northwestern part of the Słupsk Bank~16°20′ E), large areas of the seabed consist of silts (mixed with sands at depths of about 60 m) and clays (deepest parts) (Fig. 1) , while the northern part of the Słupsk Bank is covered with a sand-pebble-stone mixture. In the Słupsk Furrow (depths > 60 m), the central part is covered by silts, the northern part by clays, and the southern part by sands of mixed grain size, together with gravel, pebbles, and stones ( Fig. 1) . Sediments in this region are poorly sorted in comparison to sediments in regions such as the Gdańsk Basin (PIG-PIB et al. 2008) . To the north of the Słupsk Furrow, sediments containing fine-and medium-grained sands and sand mixed with gravel are present, gradually giving way to silts towards the east (Gotland Deep). The southern part of the Gotland Deep is covered mostly by silts and clays, with some scattered spots of fine silty sands. The central part of the Gdańsk Deep is covered with clays and silts, which give way to fine-and medium-grained sands in shallower southwestern regions closer to the coast Fig. 1) . Silts that are present in this region were accumulated during the period of the Yoldian Sea, Ancylus Lake, and Littorina Sea in Holocene (e.g., Emelyanov 2002; Kostecki and JanczakKostecka 2012) and now form a layer about 20 m thick above deeper deposits of clays and coarser-grained material (Mojski 1995; Emelyanov 2002) . In general, silts and clays in the Polish EEZ can be found in the areas where the sea depth is greater than 60 m (PIG-PIB et al. 2008) . Seismic data showed increasing thickness of post-Permian sediment layers from the Gdańsk Deep toward the Pomeranian Bight, and from the open sea toward the coast (PIG-PIB et al. 2008 ).
Geochemical background
Chemical analyses indicated that dissolved methane was present in the near-bottom water of the area to the east of 18°00′ E in concentrations ranging from several dozen nanomoles per cubic decimet er up to about 1-2 μmol dm −3 (PIG-PIB et al. 2008 ). In regions with depths greater than 50 m and fine-grained bottom sediments, the methane dissolved in near-bottom water reached as high as 4 μmol dm −3 (PIG-PIB et al. 2008) . In general, the highest concentrations of methane in sediment samples collected by PIG-PIB in the western and central parts of the Polish EEZ were registered in the deepest areas (Bornholm Basin, Słupsk Furrow) and these were up to a few cubic centimeters per kilogram. Geochemical analysis based on core sampling in the eastern part of the Polish EEZ (Gulf of Gdańsk, Gdańsk Deep) indicated methane presence in shallow sediments at 12 out of 16 stations, with the SMTZ ranging from 10 to 20 cm to 15-55 cm below the sediment surface. At sediment depths of 35-40 cm bsf (below sea floor), methane concentrations were on average 6-8 mmol dm −3 (Brodecka et al. 2013) . The depth of the SMTZ in the eastern part of the Polish EEZ is relatively shallow in comparison to sediments in other regions of the Baltic Sea (Whiticar 2002; Martens 1999; Iversen and Jorgensen 1985; Piker et al. 1998; Thomsen et al. 2001) . Geochemical multiparameter analyses showed that methane present in shallow sediments of the Gdańsk Basin originates mainly from the anaerobic decomposition of organic matter, although the contribution of methane from deeper sediments cannot be excluded (Brodecka et al. 2013) . Shallow gas manifestation in the context of acoustic methods
Methane in marine sediments can be present in two forms: dissolved or gaseous (bubbles). It has been estimated that hydrocarbon-bearing sediments can constitute up to 30% of continental shelves (St. John 1984) , which have high potential for gas accumulation (Hovland et al. 1993) . Due to the distinctive acoustic properties of sediments filled with gas, this allows acoustic detection to be applied (Schüler 1952; Anderson and Hampton 1980; Abegg and Anderson 1977) . From the acoustic point of view, gaseous sediments can be characterized by high acoustic impedance contrast and elastic contrast (in relation to the surrounding medium-non-gaseous sediments or water) determining high acoustic energy scattering properties. The presence of gassy sediments or bubbles in seawater can also be detected based on higher attenuation of acoustic energy, or by reduction of acoustic signal propagation speed (Anderson and Hampton 1980; Wilkens and Richardson 1998) . Different acoustic devices or setups, having different characteristics, demonstrate better or worse efficiency for different objectives, depending also on the environment layout (Table 1) . Acoustic manifestations of gas presence are influenced by the concentration of gas, the form of distribution, and the applied measurement method. In sediments, gas may occur as (1) interstitial bubbles (between adjacent sediment particles), (2) reservoir bubbles (between many sediment particles), and (3) bubbles which displace surrounding sediments. Most bubbles seem to be of the second and third types, as examined based on the collected sediment samples (Jackson and Richardson 2007; Anderson et al. 1998; Best et al. 2004 , Boudreau et al. 2005 .
Gassy sediments manifest themselves in acoustic imaging through ( Fig. 2): 1. Acoustic turbidity-chaotic reflections on gas intrusions with variant extent leading to layer blurring. 2. Layer enhancement-high coherent reflection, forming high acoustic amplitude horizons. 3. Acoustic blanking-masking of underlying layers beneath gassy sediments due to high attenuation and/or high reflection from the above layer. 4. Downward bent/shift of layers in the vicinity of acoustic blanking areas-due to velocity reduction which results in the delay of an acoustic signal returning from a particular layer. 5. Reversed polarity of back reflected signals-reflection with the negative phase of acoustic signals as a result of negative impedance of gaseous intrusion (in relation to sediments). 6. Reverberation of the acoustic signal-the result of acoustic excitation of gas and prolongation of the acoustic signal deriving from it. Observed as relatively close multiples (in acoustic imaging) visible as reflections with gradually decreasing amplitude. 7. Inhomogeneity of sediment layering-the effect of a sudden change of scattering, reflectivity, or sound speed in sediments as corresponding change of gas concentration and/or distribution. Low frequencies-vertical sub-bottom profile and relative assessment of gaseous layer in relation to sediment layering; depth of gaseous layer assessment Greinert et al. 2006; Westbrook et al. 2009; Majewski and Klusek 2014; Toth et al. 2014a Multibeam sonar and echosounder High frequencies-large coverage area of sediment surface layer, strong signal enhancement from sediments with shallow gas layer; high sensitiveness for gas seeping detection; detailed surface geomorphological structure Low and mid frequency multibeam sonars (some tens of kHz)-strong penetration for sub-bottom gas detection in a wide swath Jørgensen and Fossing 2012; Schneider von Deimling et al. 2013 Chirp echosounder (broadband) High resolution; capability of measuring different manifestations of methane occurrence: geomorphology of pockmarks, gas seeps, and ebullitions, gas pocket, gas chimneys (beneath pockmarks) Orange et al. 2005; Duarte et al. 2007 ;
Side-scan sonar High resolution, surface geomorphology, wide area of coverage, visible gas seeping Garcia-Gil et al. 2002; Brodecka et al. 2013 Boomer, sparker, and air gun Very deep penetration (disadvantage: lower resolution than higher frequency methods), deep geomorphological mapping, lower shadowing of underlying layers Park et al. 1999; Garcia-Gil et al. 2002; Baltzer et al. 2005; Diez et al. 2007; Iglesias and García-Gil 2007; Toth et al. 2014b Non-linear methods Assessment of gas bubble concentration (using two close frequencies Δf ≈ 10% for excitation and measuring response at those two excitation frequencies, summation and differential frequencies) Klusek et al. 1995 , Boyle et al. 1998 , Tęgowski et al. 2003 , Tęgowski and Zieliński 2006 High-frequency bistatic Improvement of estimation of gas bubble population in sediments Chu 1997 8. Pockmarks (characteristic echo sounding profile of sea bottom)-geomorphological structures formed as a result of gas leaking through sediments and/or accumulation of the third type of gas bubbles affecting the structure of sediments mechanically. 9. Acoustic Bflares^in echosounder images from the waterbody-high backscattering of an acoustic signal on a cloud of gas bubbles in water expresses gas fluxes from the sea bottom, an indirect indication of gas presence in the sea bottom.
The abovementioned types of gas presence manifestations in the marine environment are shown in Fig. 2 with corresponding numbering (black dots). Figure 2 contains data gathered and processed by the authors of this paper. The general capabilities, advantages, and characteristics of different types of hydroacoustic devices used in the assessment of gaseous methane are presented in Table 1 .
Different manifestations of gas occurrence, as shown in Fig. 2 , can co-exist with each other, change gradually or abruptly in space dimension, and undergo temporal variations (month to years). For example, Fig. 2a presents an echogram (obtained by single-beam echosounder) characterized by strong acoustic blanking (3) and acoustic turbidity (1), in contrast to the image of unaltered layers (in the center). This kind of manifestation of gas presence is regularly observed with the homogeneous presence of gas over a large area [1] in Puck Bay. Figure 2b shows an acoustic image (mosaic) of the sediment surface (obtained by side-scan sonar). The red line marks a widespread area classified as pockmark (8; seen also on Fig. 2c ), which is characterized by distinct surface pattern structure and with characteristic acoustic backscattering [2] (Gulf of Gdańsk). ; e spot-like distribution of gas presence in sediments [41] visualization of the uppermost sediments in an area with active (9; gas seeps) pockmark (8). The various effects of gas occurrence in sediments which distort the acoustic signal in characteristic ways (2, 3, 4, 6, 7) are evident [3] (Gulf of Gdańsk). Figure 2d presents the behavior of objects (blue dots) with significant target strength (acoustic backscattering), in a water column [m] in domain of time [s] . Against a background of stable (in time) scattering layers (such as plankton), we register relatively fast ascent of gas bubbles (examples are marked by red squares). This event is classified as a gas seep (9) and occurs over an area with a significant amount of gas in sediments [4] (Gulf of Gdańsk). Figure 2e (echogram) presents the case of rapid and irregular changes of gaseous sediment presence in the Gulf of Gdańsk [41] , as manifested by acoustic blanking (3) and backscattered signal enhancement (2) from the uppermost layers of sediments.
Methane in sediments of the southern part of the Baltic Sea
One of the best documented areas of the Baltic Sea in terms of geochemical and hydroacoustic investigations on methane is the Eckernförde Bay, for which the first studies presenting acoustic evidence of methane presence in sediments date back to the 1950s (Schüler 1952; Edgerton et al. 1966; Abegg and Anderson 1977) . The prevalent acoustic manifestations of gas in the Eckernförde Bay are acoustic turbidity and acoustic blanking in sediments (Wever and Fiedler 1995; Whiticar 1982; Albert et al. 1998; Wever et al. 1998 ). The sulfatemethane transition zone (SMTZ) is located on average at depths of around 20-150 cm below the sediment surface (Bussmann et al. 1999; Whiticar et al. 2002) . Strong correlation between acoustic anomalies and methane presence in the Eckernförde Bay was proven in studies carried out by Anderson et al. (1998) .
In the Arkona Basin, characterized by post glacial finegrained sediments rich in organic material, a 1500-km 2 area of acoustic turbidity was reported by Thiessen et al. (2006) with methane concentrations reaching 7.7 mmol dm . Other acoustic manifestations of gas presence in the sediments of this area include decreasing sound velocity and reverse polarity of seismic signals at depths of decreased acoustic impedance in highly saturated sediments (Mathys et al. 2005) .
In the Bornholm Deep, the SMTZ is typically located within the uppermost 50 cm of muddy sediments (Jørgensen and Fossing 2012; Toth et al. 2014b) . The manifestations of gaseous methane in sediments of this area (acoustic turbidity, acoustic blanking in acoustic data and polarity changes, reverberations, multiples and interference) have been assessed using various acoustic tools (Jørgensen and Fossing 2012; Toth et al. 2014a, b) . Recent studies (Gülzow et al. 2014) have shown that the Bornholm Basin is subject to significant seasonal changes in terms of methane concentration. Extensive areas of shallow gas (2-4 m bsf) were reported by Laier and Jensen (2007) , both in the Bornholm Basin and in the Arkona Basin.
In the area of the Gotland Deep, methane concentration in sediments was shown (Piker et al. 1998 ) to rise exponentially from 0 mmol dm −3 in surface sedimentary layers to 3 mmol dm −3 at 80 cm bsf. The methane concentrations in the eastern waters of the Gotland Deep range from 10 nmol dm −3 at 70 m depth up to 160 nmol dm −3 at 180 m, and are relatively high (Schmale et al. 2010) . A study carried out by Ulyanova et al. (2012) showed that pockmarks located in the southern part of the Gotland Deep (Russian EEZ) have morphological features of pockmarks but without the typical acoustic anomalies associated with such formations. The profiles of methane concentrations in these pockmarks resemble those found in the gassy mud sediments of the Gdańsk Deep (about 3 mmol dm −3 at 25 cm bsf) as opposed to typical pockmarks. In the Russian EEZ, located mostly in the Gdańsk Deep region but also including a small southern part of the Gotland Deep, 245 km 2 of acoustic anomalies caused by gaseous methane was reported by Pimenov et al. (2010) . More recent studies report 300 km 2 of acoustic anomalies associated with gas presence, supported by core sampling at 21 stations (Ulyanova et al. 2012) , and many of these anomalies (acoustic blanking and acoustic turbidity) have been attributed to pockmarks or interstitial saturation with gas. The total area of discovered pockmarks amounts to 1.7 km 2 , they have an average depth of 1-3 m and width of up to 200 m (Ulyanova et al. 2012) . The biggest pockmark reported in this region is 1 km 2 with possible gas ebullition, and the concentration of methane can be up to 4 mmol dm −3 at between 20 and 100 cm bsf (Pimenov et al. 2010 ). Pockmarks usually occur in groups and are characterized by high methane fluxes, going up to as much as 3.3 mmol m −2 day −1 (Ulyanova et al. 2012) . Methane concentrations determined in the sediments of this area usually exceed 1 mmol dm −3 within the uppermost 100 cm of sediment (Pimenov et al. 2010) and are within a range of 1 to 1000 μmol dm −3 in the top 2 cm of sediment (Ulyanova et al. 2014 ). Seasonal variabilities of methane fluxes from sediments into water are commonly observed (Ulyanova et al. 2014 ) with the highest registered fluxes of 2.48 mmol m −2 day −1 in the Curonian Lagoon during the warm period, and the lowest during the cold period (0.002 mmol m −2 day −1
). The total flux for the Russian EEZ was estimated to be 280 × 10 6 mmol day −1 (Ulyanova et al. 2012 ).
Acoustic studies on shallow gas in the Polish part of the Baltic Sea (Polish Exclusive Economic Zone, EEZ)
In studies conducted in the early 1990s, some suggestions were made about the existence of free gas bubbles and gaseous structures in the bottom sediments of the Gdańsk Basin (Jankowska 1993; Geodekyian et al. 1990; Klusek et al. 1993 Klusek et al. , 1995 . Those suggestions were later reinforced by acoustic (Orłowski 2009; Jakacki et al. 2002; Tęgowski et al. 2003; Klusek 2011, 2014 , Table 1 ) and geochemical investigations (Brodecka et al. 2013) . In 2008, the Polish Geological Institute (PIG-PIB et al. 2008 ) presented a report based on 96 seismic profiles (2288 km in total) collected in the 1970s and 1980s in the western part of the Polish Exclusive Economic Zone (coverage area to the west from1 8°00′ E), which was aimed at assessing petroleum prospectivity in the studied area and presented maps of geogenic contamination of the sea bottom. These data were complemented with the results of geochemical analyses (carried out in [2005] [2006] [2007] , which provided information about shallow methane. Moreover, some supplementary data, both unpublished and published, exist on acoustic manifestation of shallow gas in regions of the Słupsk Furrow, Słupsk Bank (Brodecka et al. 2013; Majewski 2014 ) and the Bornholm Deep (Orłowski 2009 ).
The most common forms of acoustic manifestation of gaseous methane in the sediments of the Polish EEZ are as follows: acoustic turbidity, acoustic blanking, and enhancement reflectivity. In addition, several specific geomorphological structures, i.e., pockmarks and gas pockets, were found in the Polish part of the Gdańsk Deep Klusek 2011, 2014; Brodecka et al. 2013 ). In total, 578 km 2 of the bottom area has been acoustically classified as gas-bearing sediments (24.6 km 2 were pockmarks) by Klusek (2011, 2014) and Majewski (2014) . These results were further supported by geochemical analyses (Brodecka et al. 2013) . Seventeen percent (4500 km 2 ) of the Polish EEZ is estimated to have conditions which allow gas seeps (Orłowski 2009 ). However, only a few gas seep events were registered in the form of gas flares (Orłowski 2009; Majewski 2014 ; Fig. 2d ). The system of faults present in the sea bottom, clearly visible in seismic data (PIG-PIB et al. 2008) , may be the reason for methane migration from deeper sediments and its common occurrence in shallow sediments of the Polish EEZ area.
Detailed results of acoustic investigations in the Polish EEZ, grouped by regions, are presented in Table 2 . Some acoustic results presented in the text and table have assigned show no sign of shallow gas are also presented (net gray polygon). However, the depth of bellow seafloor sediment acoustic imaging was highly dependable on type of sediments, producing data with max depth of proper quality data varying between 3 and 30 m (assuming the speed of sound c as in nearbottom water). Based on the current level of knowledge, the estimated area of shallow gas presence in the PEEZ is 700 km 2 . This estimation was based on data in possession of IOPAS and results gathered from reviewed articles. Spatial interpolation was carried out on the IOPAS data based on parallel acoustic profiles (200 to 800 m interspace) together with perpendicular profiles to create a grid covering the area of interest. The data from the reviewed articles were digitized, georeferenced, and later introduced to the GIS environment along with the IOPAS data, at which point spatial analysis took place. Figures. 3 and 4 show the results of this process. The results of geochemical analyses presented in this paper serve as a background for the discussion of acoustic data. Only exemplary methane concentration values for different research areas within the PEEZ are given in the present study. Detailed description of geochemical surveys and discussion of the obtained results can be found in the cited publications.
Gulf of Gdańsk
There are numerous publications concerned with methane presence in the sediments of the Gulf of Gdańsk, based both on geochemical and acoustic investigations, which indicate strong correlation between acoustic and geochemical results (Klusek et al. 1993 (Klusek et al. , 1995 Jakacki et al. 2002; Tęgowski et al. 2003; Rudowski et al. 2010; Majewski and Klusek 2011; Brodecka et al. 2013) .
In the southwestern part of the Gulf of Gdańsk, the typical manifestations of gas presence are the following: acoustic blanking (most dominant-12 and 38 kHz data), acoustic turbidity, enhanced reflection, and negative phase presence (Majewski and Klusek 2011) . Geochemical analyses carried out in 2010-2011 showed that methane was present in the pore waters of shallow sediments and that the SMTZ occurred at depths of 10-20 cm bsf (Brodecka et al. 2013) . A study by Klusek et al. (2010) showed that in the region where core sampling was conducted (Brodecka et al. 2013) , the marine clay-silt sediments containing gas had a different bottom backscattering strength than that predicted on the basis of the Johnson bottom scattering model [26] (Jackson 1987) . The stations without gas were in good keeping with the model. Acoustic blanking, registered by means of a single-beam subbottom profiler, was found to occur at depths of 1 to 4 m below the sediment surface (Majewski and Klusek 2011) . In general, the region extending southwards from the tip of the Hel Peninsula (southwestern Gulf of Gdańsk) is characterized by extensive and irregular occurrence of acoustic manifestations of gas presence [5, 6, 7, 8] (Tęgowski et al. 2003; Majewski and Klusek 2011 ; Table 2 ) with strong spatial differences of estimated microbubble concentrations [6] (Tęgowski et al. 2003 ) and rapid changes from acoustic permeability to acoustic blanking (Majewski and Klusek 2011) . The rapid changing from acoustic blanking to acoustic window (permeability) which occurs in this region is most likely Majewski and Klusek 2011; Brodecka et al. 2013 linked to the variability in gaseous methane concentration profiles, as in the Eckernförde Bay (Albert et al. 1998) . At some points, strong non-linear response of the seabed observed for the sum of prime frequencies (100 and 110 kHz) indicated the gas bubble presence. Based on a non-linear scattering model of bubbles, the estimated number of resonance bubbles reached values of 300 m −3 μm −1 in the uppermost surface layer of sediments (Newhouse and Shankar 1984; Phelps et al. 1997; Tęgowski et al. 2003 ; Table 2 ). The highest concentrations of gas in sediments were estimated in this region for silty clay and the lowest for clay-silt and glacial clay, based on a non-linear method [5] (Jakacki et al. 2002) . A specific characteristic of this southwestern region is the fact that acoustic blanking often occurs suddenly, without any other acoustic anomalies in sediments in close proximity [7] ( Rudowski et al. 2010; Majewski and Klusek 2011; Majewski 2014) . Acoustic anomalies of a similar nature were registered using a 12-kHz echosounder during measurements conducted from onboard R/V Oceania in November 2017 [1] by the authors of this article (Fig. 1a) . Significant spatial variability in this region is also reflected in the average concentration of methane present in the first meter of sedimentsfrom approx. 0.25 to approx. 3 mmol dm −3 (Brodecka et al. 2013 ). High spatial variability may also be connected with the following: the geological complexity of the southwestern part of the Gulf of Gdańsk, high spatial variability of sediments, relatively low depth, temperature, and geochemical parameters PIG-PIB et al. 2008; Brodecka et al. 2013) , as well as groundwater discharges (PiekarekJankowska 1994; Bussmann and Suess 1998; Matciak et al. 2015) . Additionally, acoustic results from the Puck Bay (Fig. 3 , south of the Hel Peninsula) obtained in different years may indicate the temporal variation of gas presence in sediments. Acoustic data collected in November 2017 indicate that the area of gas bubble presence in sediments (acoustic blanking) extends much further to the west than previously stated [1, 39] (Majewski 2014; Brodecka et al. 2013) . Based on acoustic anomalies in seismic data and structural deformations, Rudowski et al. (2010) claimed that methane in this area [7] originates from shallow buried organic rich sediments from the period before littoral transgression and may also be connected with deep geological structures. The largest gas-saturated region is located in the central part of the Gulf of Gdańsk [8, 9] (54°35′-54°40′ N and 18°5 0′-19°20′ E; Fig. 3 ) and demonstrates numerous acoustic anomalies such as acoustic blanking, acoustic turbidity, stratification discontinuities, layer enhancement, and negative phase reflection. The central region includes areas of gas saturated sediments and gas pockets as well as active (with gas seeps) and inactive pockmarks [9, 10, 11] (Majewski 2014; Majewski and Klusek 2011; Brodecka et al. 2013; Majewski and Klusek 2014;  Table 2 ). The time and rate of the gas seeps in this region were calculated by Orłowski [12] (2009;  Table 2 ). Irregularity of gas seeps (2011-2017 measurement campaigns) may be connected with specific sub-vertical fractures in sediments, connected with gas presence (Best et al. 2006) , which can be open or close in different periods in time therefore controlling seep activity. It was found that gaseous methane in this central region can be associated with acoustically soft sediments (low reflectivity and attenuation), such as hydrated mud and clays, which enable mapping of upper subsurface structures of sediments using higher frequencies [8, 9, 17 ] (e.g., 12 kHz, Majewski and Klusek 2011) than those found in typical low-frequency sub-bottom profiles. The use of higher frequencies gives higher sub-bottom resolution and reveals stronger acoustic anomalies in imaging, caused by gas presence (Anderson and Hampton 1980; Abegg and Anderson 1977) . Gas manifestations observed in the 12-kHz (and also 38-kHz) data set collected in the central part of the Gulf of Gdańsk are related to acoustic blanking (high attenuation), layer enhancement (strong volume scattering), and acoustic turbidity [17] (Majewski and Klusek 2011) . The geochemical sediment sampling carried out by PIG-PIB et al. (2008) indicated the presence of gas in sediments located much further to the north than was reported by acoustic measurements conducted several years later [28] (Fig. 3) .
In the central Gulf of Gdańsk, there are also geomorphological structures classified as pockmarks. These are grouped together in larger areas and located in close proximity to each other [11] (Fig. 3) . The active pockmarks [11] (54°35′ N 19°1 0′ E; Fig. 3 ) are present in the eastern part of the highly saturated area of sediment [9] (54°35′-54°40′ N and 18°5 0′-19°20′ E; Fig. 3 ). The SMTZ layer in sediments from the central part of the Gulf of Gdańsk, where acoustic measurements indicated the presence of gaseous methane, was located at depths of approx. 8-15 cm bsf (station in central part) and 18-55 cm bsf (station located more to the north) (Brodecka 2013). Orłowski (2009) observed gas seepage due to the abundance of gas in very shallow sediments in that region [12, 15, 16] . In the years 2014-2018, during numerous 12-kHz measurement campaigns from aboard the R/V Oceania (IO PAS), the changeable nature and activity of pockmarks were observed in that area [2, 3, 11] (unpublished data). The single largest structure with gas seeps was observed acoustically (side-scan sonar) by Majewski (2014) and was estimated to have a width of 300 m [2] (Fig. 2b) . That active pockmark was located in acoustically soft, highly hydrated (water content > 80% in the first 80 cm) muddy sediments Fig. 3 Map presenting localization of selected results indicating shallow gas presence in sediments of the eastern part of the Polish EEZ (Gdańsk Basin, Gotland Basin, Stilo Bank). Results from the numbered areas are discussed in more depth in sub-chapters with the corresponding geographical area names (Fig. 1) and marked as [no.] (Mojski 1995; Brodecka et al. 2013) in the region of a fault zone (based on boomer and 12-kHz data) (Majewski and Klusek 2011) . Pockmark structures in that area are usually characterized by disorderly layering of sub-bottom stratification, probably due to the displacement of gas bubbles in sediment structures, strong signal enhancement from its surface, and strong acoustic blanking of underlying layers Klusek 2011, 2014) .
In the northern and northwestern parts of the Gulf of Gdańsk, numerous smaller (compared to those in the central part) and scattered patches of gas-saturated sediments [27] were located and these also included pockmark structures [28] (18°50′-19°15′ E, Fig. 3 ) (Majewski 2014; Brodecka et al. 2013; Majewski and Klusek 2014) .
Gdańsk Deep and Gotland Basin
In the central part of the Gdańsk Deep (55°10′ N 19°00′ E), large inactive pockmarks buried at depths of a few meters bsf were discovered by acoustic methods [14] (Majewski and Klusek 2011) . Gas-bearing sediments and buried pockmarks of up to 300 m in diameter were first found and described by a Polish-Soviet geological expedition in the late 1980s, in the deepest part of the eastern Gdańsk Basin, situated in muddy sediments (Geodekyian et al. 1990 ). Geochemical sampling conducted by PIG-PIB et al. (2008) showed significant amounts of methane in the uppermost layer of sediments in that area (Fig. 3) . However, geochemical analyses of the short cores (50 cm) collected in the central part of one of the buried pockmarks, carried out in 2010-2011, showed no signs of the SMTZ and only trace amounts of methane (on average < 0.1 mmol dm −3 ) (Brodecka et al. 2013 ). The periodic appearance of vertical gas migration events originating in deeper layers may serve to explain the discrepancies between the abovementioned geochemical results [29] (Brodecka 2013; PIG-PIB et al. 2008) . Moreover, gas craters with gas chimneys were also acoustically observed in the area of the Gdańsk Deep According to the report issued by PIG-PIB et al. (2008), methane may be present in the upper 20 cm of sediments in numerous locations of the Gdańsk Deep; however, due to relatively low concentrations, it is not always observed with acoustic methods. Moreover, numerous fault zones and displacements at depths of 30 to 100 m bsf in the area of the Gdańsk Deep may lead to the presence of gaseous methane and higher hydrocarbons in shallower sediments (Domżalski et al. 2004; PIG-PIB et al. 2008) due to migration from deeper layers.
Additionally, two smaller regions with acoustic anomalies typical of gas-saturated sediments have been registered in the Fig. 4 Map presenting the localization of selected results indicating shallow gas presence in sediments of the western part of the Polish EEZ (Słupsk Furrow, Słupsk Bank, Bronholm Basin, Odra Bank, Pomeranian Bight). Results from numbered areas are discussed in more depth in the sub-chapters with corresponding geographic area name (Fig.1 ) and marked as [no.] region of Stilo Bank, situated north of the seaside town of Władyslawowo, at 55°10′ N 18°20′ E [30, 31] (Majewski and Klusek 2011) . Unfortunately, sediments from that area were not geochemically analyzed for methane presence.
In the Gotland Basin, two acoustic flares were observed as a result of gas ebullition caused by the impact of a CTD probe on the seafloor [18] (Orłowski 2009 ) support the hypothesis that small disturbances on the seafloor may lead to events such as gas ebullition or small gas seep (PIG-PIB et al. 2008 ). In the southern part of the Gotland Basin, several gas diffusion chimneys and one 1.4-km-wide gas crater, with characteristic acoustic blanking of sub-bottom layers, were reported based on seismo-acoustic results [19] (Domżalski et al. 2004 ). The part of the Gotland Basin where the sub-bottom gas crater was discovered [19] is characterized by a methane concentration two orders of magnitude lower in the sediments than that in locations with gas ebullition [18] (PIG-PIB et al. 2008 ).
An increase of about 2°C in the temperature of bottom seawater in relation to previous years is considered to be a factor influencing the number of observed gas seeps in the Polish EEZ (Orłowski 2009 Table 2 ). Some more examples of seasonal acoustic gas front variations can be found in the literature (Eckernforde Bay sediments: Wever and Fiedler 1995; Wever et al. 1998) . They are mostly correlated with the temperature cycle of the atmosphere, although local variations in sedimentary methane profiles may also be attributed to groundwater seepage (Bussmann and Suess 1998) .
Multidimensional echosignal parametrization, used for sediment classification in the southern Baltic Sea region (Tęgowski 2002 , 2005 , Tęgowski and Zieliński 2006 Walree et al. 2005) , turned out to enable the separation of the gas pockmark region from the non-gaseous sediments [17] (Majewski and Klusek 2014) . The signal analysis performed by Majewski and Klusek (2014) for the area of active pockmarks [2] (approx. 54°35′ N 19°10′ E; Fig. 3 ) showed some differences between the wavelet decomposition parameters of echo time series in gaseous structures, and in sediments without or with only a small amount of gas ( Table 2) . The most conspicuous differences were observed between active pockmarks [2] and sediments with lower methane saturation than pockmarks [6, 8] , at all of the used frequencies (i.e., 70, 120, 200 kHz) , for echo features such as entropy, second-order moment, zero-order moment, and skewness as a measure of envelope asymmetry.
The echo parametrization applied in the search for saturated sediments also returned promising results (Majewski and Klusek 2014) , both at lower (12 kHz) and higher frequencies (70, 120, 200 kHz) . The wavelet transformed 12-kHz data revealed very high sensitivity to signal penetration alterations (Majewski 2014) , which are strongly associated with gas presence in sediments [6, 8, 17] (Table 2) . Gas-saturated sediments also exhibited very strong changes of zero-order moment, second-order moment, and skewness for 12-kHz signals, and less pronounced but nevertheless significant changes for 70, 120, and 200 kHz (Majewski 2014) . Automatic and objective discrimination between gassy [17] and gas-free sediments can be obtained using classification algorithms based on the extraction of echo energy parameters via wavelet transformation (or with Shannon entropy of the wavelet transform coefficients but with poorer results) for . In such instances, lower variation dynamics among the parameters may be regarded as a worthy indicator of lower content of gas bubbles (Majewski and Klusek 2014) .
Słupsk Furrow, Słupsk Bank, and Bornholm Basin
Acoustic measurements carried out with the use of 38-kHz and 40-60-kHz echosounders indicated sites of deep gas presence in the Słupsk Furrow at about 10 m bsf [21] (Majewski and Klusek 2011) (Fig. 4, orange polygon) . However, during campaigns in 2010-2011, a very hard bottom in the core sampling area made it impossible to collect sediment cores longer than 40 cm (methane concentrations in those cores were < 0.01 mmol dm ), and probably also prevented methane migration from deeper layers to the surface (Table 2) . Interestingly, in some areas of the Słupsk Furrow close to the site mentioned above, methane concentrations in the surface sediment layer of 20 cm, which were measured during PIG-PIB campaigns (PIG-PIB et al. 2008 ) of methane dissolved in water were reported at depths exceeding 100 m, in the area within the Słupsk Furrow (Schmale et al. 2010 ). In general, there are some discrepancies between the results of methane occurrence at specific sites in the Słupsk Furrow and on the Słupsk Bank, obtained during PIG-PIB campaigns carried out in 2005 , and those obtained in 2010 -2014 by Brodecka et al. [34] (2013 and Majewski (2014) . For example, a high amount of methane measured by PIG-PIB et al. (2008) in sediment from the area of the gray net mask intersected with purple profile (Fig. 4; [35] ) did not match up with any acoustic anomalies connected with gas bubble presence in that area (Majewski 2014) .
Shallow gas-bearing sediments were also acoustically observed in the Słupsk Furrow/Bank area, e.g., at 55°10′ N 17°2 5′-17°50′ E [20] (Majewski 2014; Brodecka et al. 2013 ) as well as small gas pockmarks [22] (12 kHz and 38 kHz). This information may suggest that it is possible for gas seeps to occur in that region. However, none of them were observed in the form of acoustic flares during a dedicated measuring campaign (200 kHz) carried out in the most promising area (Majewski and Klusek 2011 ), located further from the PEEZ (Schmale et al. 2010 ). There was an unexpected situation in the eastern part of the Bornholm Basin as methane concentrations did not increase with depth and oxygen depletion and the maximum concentration was 20 m above the seafloor (Schmale et al. 2010 ). This anomaly is possibly connected to more intense near-bottom water circulation in this region. Such conditions can also be linked to the presumably lower amount of gas in sediments. In the southern Bornholm Basin, acoustic flares connected with gas seeps were observed when a CTD probe impacted upon the floor [24] (Orłowski 2009 ). In the northern Bornholm Basin, strong acoustic manifestations of gas presence were observed, but outside the PEEZ (Jørgensen and Fossing 2012; Toth et al. 2014b ).
Pomeranian Bight and Odra Bank
The western part of the Polish EEZ, which is located close to gas-petroleum structures on land, has been assessed as being a prospective search site for hydrocarbon [25] (highest prospectivity in the Pomeranian Bight), especially these of petroleum type. This may suggest methane presence in that area (PIG-PIB et al. 2008) . Acoustic data from that region include 23 seismic profiles (approx. 15°20′ E to the west of Kołobrzeg) collected during the 1970s and 1980s by PIG-PIB and complemented by detailed geochemical studies (bluestriped area [38] ) carried out in 2006 (PIG-PIB et al. 2008 ). The seismic data were collected using an air gun and a horizontal line of 24 or 48 hydrophones (Table 2) . They indicated potentially deep accumulation of methane, based on structures of geological traps located 30-60 m above the formations generally associated with high gas and petroleum (quartz sandstones of the Middle Cambrian), in all of the area to the west of 16°00′ E [25] .
Unfortunately, there are no results from higher frequencies for that region [38] . Geochemical studies conducted in 2006 showed no traces of methane in the uppermost 2 cm of sediments (PIG-PIB et al. 2008 ). Significant amounts of this gas (above 0.3 cm 3 kg −1
) were only found to be present in the surface layer of sediments to the east of 15°20′ E and north of 54°30′ E (near the Bornholm Basin [36] and in the direction of the Słupsk Furrow [37]). Dissolved methane was found in the near-bottom water of that region, in concentrations ranging from a dozen to a hundred micromoles per cubic decimeter [38] .
Summary
Acoustic studies on shallow gas in surface sediments, having been conducted in the Polish EEZ since the early 1990s, have been based on the application of a wide variety of acoustic devices and methods ( Table 2 ). The eastern part of the Polish EEZ has been studied significantly more often in terms of shallow gas than the western part. The areas of the Polish EEZ in which shallow gas has been most frequently registered include the Gdańsk Basin and the Słupsk Furrow. The Gulf of Gdańsk (part of the Gdańsk Basin) has been of main interest in the investigations of methane occurrence, due to specific environmental conditions in that area. These conditions, i.e., proximity to land and to the estuary of the main Polish river, the Vistula, as well as high primary production and sedimentation rate, create a suitable background for methanogenesis in shallow sediments. Thus, methane concentrations at some sites in that area reach values of as much as 7 mmol dm −3 in the 50-cm surface sediment layer, and the SMTZ is generally located at sediment depths shallower than 1 m. The Słupsk Furrow has fewer reported observations of shallow gas in sediments. This could be a result of the lower number of acoustic surveys undertaken here as opposed to the Gdańsk Basin area (statistical aspect), and the periodical inflows of heavier (higher PSU), oxygen-rich water which significantly change geochemical conditions near the bottom (environmental aspect). The acoustic and geochemical research projects carried out in the western part of the PEEZ (Pomeranian Bight and Odra Bank) were mainly focused on the assessment of the potential for petroleum industry exploration. Interestingly, at most stations in that region, methane was not found in surface sediments despite its significant amounts in the near-bottom water (a dozen to a hundred μmol dm
−3
). Generally, the PEEZ part of the Bornholm Basin has lack of data regarding shallow gas.
The most common acoustic manifestations of gas presence in sediments within the PEEZ are acoustic blanking (3), layer enhancement (2), acoustic turbidity (1), and also strong acoustic energy attenuation in pockmark structures (8). There are significant differences in terms of how gas displays in acoustic records, even over relatively close areas (e.g., western and central Gulf of Gdańsk). For example, in the western part of the Gulf of Gdańsk, regular, widespread, and homogeneous expressions of shallow gas were observed [7] (Fig. 2a) . In contrast in the central part [11] , they were more irregular and spatially limited but also significantly stronger (Fig. 2e) . In the western part of the Gulf of Gdańsk, there are numerous inactive pockmarks [17] ; however, there is an active pockmark of considerable size [10] located in the central part of the Gulf of Gdańsk (Fig. 2b) . Another group of several buried inactive pockmarks is located in the northern part of the Gdańsk Deep [14] , suggesting greater age [27] . There are several scattered areas within the central part of the PEEZ with gassaturated sediments, characterized mainly by acoustic blanking and acoustic turbidity [20, 21, 22] . On the whole, there is a shortage of acoustic studies in the western part of the PEEZ, except for seismic studies conducted by PIB-PIG which are focused on deeper strata of sediments. Nevertheless, some very detailed and far-reaching geochemical studies, indicating the presence of methane in near-bottom waters and sediments, were conducted in this region [38] . Unfortunately, though, in this area, there is a general lack of information about its presence in gaseous form in the uppermost sediments (1 m bsf).
It is suggested that, in the Gdańsk Basin region, shallow gaseous sediments are subjected to significant variations with time. This hypothesis is based on synthesis of information from multiple articles supported not only by acoustic surveys, conducted over many years (10-year period) in the region of the Gdańsk Basin (Fig. 2) , but also by complementary geochemical studies (at the same locations). The main time changes include methane concentration in the sediment profile, slightly altered spatial range of gaseous sediment occurrence (based on acoustic data), and most significantly, the activity of pockmarks.
The performed acoustic studies indicate the presence of over 700 km 2 of gaseous sediments in the PEEZ, with many potential areas still to be surveyed (central and western PEEZ). Acoustic methods are shown to have significant informative value on gaseous methane occurrence, as verified by geochemical studies. In the eastern part, a great extent of gaseous sediments was discovered together with results showing their distinct nature. The central PEEZ has multiple scattered areas of saturated sediments, with intensification of their presence toward the Słupsk Furrow. The western part of the PEEZ has been structurally (seismic studies) and geochemically assessed as a region with potential for gas occurrence at deeper sediment depths (above a few meters).
Funding information The study was supported by the National Science Center, Poland, project no. UMO-2016/21/B/ST10/02369.
